This study investigates a number of operational issues associated with the control of microprocessor fabrication facilities, specifically expanding the domain of previous research to investigate the effects of lot size, test wafer proportion, and tool productivity on wafer fabrication performance.
INTRODUCTION
The elements required to support and plan for a semiconductor production facility (fab) process technology and tool set is naturally partitioned into two distinct and yet interrelated groups. The first, termed factory architecture, encompasses strategic and technical decisions made concerning the manner in which the fab accommodates and enables operation of the process tool set. Factory architecture elements include: shell structure, tool layout, air handling, material handling and movement, fluid distribution, and tool accommodation systems.
Temporally, factory architecture issues dominate in the initial facility planning stages through tool set installation and product qualification, after which the facility infrastructure is typically set. With a typical shell design life of 10 to 15 years (Burnett 1995) , the factory architecture decision making must anticipate the needs of a variety of tool sets and process technologies. This requires a degree of flexibility and robustness in all architectural decisions associated with facility design.
Further, although the facility has become a shrinking portion of the overall cost of a fab, an ineffectual design (i.e., one that does not anticipate tool and process requirements and is not well integrated with operational business practices) will severely limit the long-term profitability of the business.
Potsdam, NY 13699-5790 USA
The second group of elements, factory operations, refers to the business practices that govern the operation and control of daily life within the fab. Factory operations include items such as production planning and shop floor control, yield management, staffing and training polices, modeling and simulation, decision support systems, and equipment and process control. These operational decisions dominate from the time of tool installation and product qualification throughout the active life of the fab until refit or shut down.
Operational business practices are critical in the context of the evaluation and selection of factory architectural elements since the operational practices determine to what extent the potential of the factory architecture, to enable the tool set and process technology, will be realized in production.
This study reports the results of a full factorial simulation experiment (27 experimental treatments) which investigating the effects of the following operational factors: lot size, test wafer level, and tool productivity. The lot size factor was investigated at three levels, i.e., 12, 24, and 48 wafers per lot. Test wafers were run as a nonrevenue producing product consuming 070, I09?0, or 20% of aggregate lot starts. Tool productivity refers to the speed of the process equipment as measured in wafers per hour.
To obtain the tool productivity factor levels, the nominal equipment speeds were varied *1 OYO. A baseline simulation model with a 24 wafer lot size, 0'%. test wafers, and nominal tool productivity was developed using an equipment and product set previously defined by the SEMATECH capital productivity (CP) group (Rowe, et. al., 1995 Lozinski and Glassey 1988 , Lu, et. al., 1994 , Wein 1988 and industry practices (Hood, et. al., 1995 , Leachman 1994 primary processing tools (see Table 1 ). The capacity balancing was completed to achieve 20,000 wafers starts per month with a cycle time to raw processing time ratio of less than 2.5 for a 25 wafer lot size.
The parametric tool data contained in the database are representative of the SEMATECH estimate of mature production tools purchased in 1998 and operating in 2001 (Rowe, et.al. 1995) . In an effort to more accurately reflect typical (rather than best-of-breed) manufacturing operations, selective tool parameters were degraded. Reliability parameters: mean time between failure (MTBF), mean time to repair (MTTR), E1O downtime percentages, and E 10 engineering time percentages from the CP 0.5~m tool database (Elahi, 1995) were superimposed over the 0.25 pm values. Preventive maintenance times also were lengthened by 5070 to dynamically model the myriad of minor productivity losses and delays routinely encountered in fab operations (Rowe, et.al. 1995, p. 13) . Other tool parameters, including setup and run-out times, were unchanged.
It should also be noted that critical dimension, overlay, and patterned defect inspection tools for the lithography sector are the only metrology tools represented in this simulation model. The omission of other metrology or inline test equipment is a significant deviation from most current leading edge semiconductor manufacturing environments and will be addressed in future studies.
The Product

Four
(200 mm wafer diameter, 0.25 pm critical dimension) logic products with associated process flows as specified in the SEMATECH CP program (Rowe, et. al., 1995) were the basis for this study. The four products included in the simulation model are as follows: 1. High performance logic (suitable for advanced microprocessor fabrication). 2. Vertically modulated well (VMW) (featuring MEV implant and shallow trench isolation). 3. Low power logic (based on the VMW process).
4. An application-specific integrated circuit (ASIC) process (no deep ultraviolet (Duv) lithography).
Throughout the discrete event simulations, each of the four products was allocated one-fourth of the available product wafer starts. An additional product, i.e., test wafers, was also included in our model. The test wafer product followed the high performance logic process flow. The only deviation from the SEMATECH specification of process flows was the slight adjustment of processing times required for variations in the lot size, and the inclusion of material movement times. The lot size modification was instituted to facilitate the inclusion of lot size as an experimental factor. The addition of material movement times created new steps in the flows but had no effect on existing ones.
Simulation Model Details
The fab layout was developed based on the CP Rev. 2 data set, resulting in model requiring 51,905 ft2 of primary cleanroom space.
Experimental Factors
The experimental factors of lot size, tool productivity, and test wafers are discussed below. A brief description of the supplemental factors, WIP, and material movement time also is included. Lot Size: Lot size was examined at three levels: 12,24, and 48 wafers per lot. It was assumed that process and transfer lot sizes are equal. The lot sizes of 24 and 48
wafers were selected to reflect the lot sizes of existing fabs. A lot size of 12 was investigated as one that maybe of interest for future fabs that produce a wide variety of low volume products. Twelve wafer lots are also of particular interest for proposed 300 mm fabs. A primary objective in the development of the fab layout model was to minimize product travel while maintaining proper relative location of tools. TO minimize product travel between tools, the process flow was analyzed to determine which tools should be in close proximity to one another. Tools that are expected to remain in the fab for a long period of time were located near the center of the fab, and tools required more frequent repair, upgrading, or modification were placed on the periphery. After determining tool location within the bays, the optimal arrangement of the bays was determined.
The tool layout was generally in a format known as a farm arrangement, i.e., with homogeneous tools grouped together.
In only a few instances, such as ashers, were homogeneous tool types dispersed throughout the fab. The latter method was chosen for this study tcl simplify the calculation of process times where both lot size and tool productivity required modification.
Tool Productivity:
The three tool productivity factor levels were coded as low, nominal, and high. The central level, nominal, represents the tool productivity (or speed of the tool), measured in wafers per hour. The low level corresponds to slowing down the productivity of each tool in the line by 10 Yo. This was achieved by multiplying the tool process times by 1.1. Likewise, the high level of tool productivity corresponds to speeding up the tools by 10%, as measured in wafers per hour.
Thi:s level was implemented by multiplying the process times by 0.9.
This treatment was similar for both serial and batch tools. The wafers per hour used in the nominal level of tool productivity represents a consensus between IC manufac-turers and equipment suppliers, as documented by the SEMATECH CP program. The productivity consensus is meant to be indicative of best-of-breed tools purchased in the 1998 time frame. The 10'% variation in tool speed to achieve the high and low factor levels were chosen to illustrate the impact of deviations from intended wafer per hour productivity rates. This situation is one that may arise when wafer per hour rates realized on tools in production do not correspond to the rates assumed when the original capacity and space planning was completed for the fab. Such speed differences may arise for several reasons: tool suppliers may not be selected when the facility is designed, tools may not perform as advertised, final tool selection may be based on criteria other than throughput, or tools may be required to run processes that differ substantially from those anticipated at the time of facility design.
Test Wafers: Test wafers were examined at three levels: O%, 10%, and 20% of total wafer starts. Uniform terminology regarding test, monitor, control, non-prime, and non-product wafers often is not used. In this paper, test wafer is assumed to include the preponderance of non-product wafers that must be started in the line, regardless of wafer ultimate conditions of usage. This definition is intended to be similar to the SIA roadmap usage of monitor wafers, which refers to desired ratios between product and total wafer starts/usage [SIA 1994, p.164] . There are several ways to model test wafers. In reality, test wafers require a wide variety of films and structures to fulfill their myriad functions. An accurate portrayal of test wafers was beyond the scope of this project.
However, the most important factors to consider for test wafers are their impact on the cost of silicon purchased, and the capacity loss of tools required to process and run the test wafers. For this study, test wafer costs were incurred as a percentage of total product wafer starts. The concept of test wafers as a capacity loss on the tool set was also included. This capacity loss was implemented by the creation of a fifth product type: test wafers.
The test wafer product followed the same process flow as the high performance logic.
The number of test wafer starts per month was calibrated to the total 20K per month of releases. The other four product types were adjusted to maintain an equal 25% mix for the remainder of the available monthly wafer starts. The O% level was chosen to represent tke optimal potential of the system as well as to allow easy comparison to other studies that do not consider test wafers as a capacity loss. Ten percent was considered to represent best-of-breed operations for fabricators in 1995 and the Roadmap goal for 1998.
Finally, 20% was selected as representative of the 1995 Roadmap goal [SIA 1994, p. 164] and perhaps more typical current fab operations.
Supplemental Factors
Follow-up experimentation was conducted including various level of shop work-in-process (WIP) levels and various levels of transport time associated with the automated material handling system (AMHS). For a complete discussion of the results of the follow-up experimentation see Hallas, et. al., (1996) .
Metrics
Four metrics were collected in this study: While OEE is typically a tool-based measure (Ames, et. al., 1995 , Barber 1995 , it is reported here as an aggregate line measure.
A full factorial experiment was conducted (33) on the primary experimental factors. Discrete even simulation was in conjunction with static cost calculations to model fab performance. Ten batch means (replications) of one year were analyzed, with the initial transient data (one year) discarded.
Randomly selected initial seeds for the simulator random number generators were selected to support the observation independence assumptions associated with analysis of variance.
ANALYSIS OF RESULTS
Cost $/cmz SI: For cost, as well as other response variables, there was little impact on the system between 24
and 48 wafer lots (See Figure 1) . This is, to some degree, due to the fact that the line balancing was done using a 25 wafer lot size. However, it is not clear that rebalancing the line would substantially improve efficiencies for 48 wafer lots. Further, the 12 wafer lot size incurred a large setup penalty. This relationship between the different lot sizes appears to be due primarily to the shifting bottlenecks that result from the unbalanced lines. Since 24 and 48 wafer lots share nearly the same setup-independent bottlenecks, there is little performance difference between these two lot sizes.
Because the 12 wafer lot models have a setup-dependent bottleneck, there is a significantly greater cost for its use. Table 2 , all three factors are significant.
The statistical significance of the interactions may be, to some degree, due to the extremely long simulation runs which allow for very small within-group variation. Therefore, although most interactions are statistically significant, a focus on the statistically signitlcant main effects may be appropriate. Table 3 ). Again, although the interaction effects are statistically significant, they explain much less of the variation than the main effects and are well behaved when plotted. As expected, throughput increases as tool productivity increases (See Figure 4) .
Additionally, throughput decreased significantly as the number of test wafers increased (see Figure 5) . When modeled as a direct incursion on capacity, the stark impact of the level of test wafers, a factor largely under engineering control, is clear. Much of the throughput loss seen in the 12 wafer lot size is explainable through the treatment of setups. This is discussed further in the cycle time section below. As expected, the throughput main effects are inverted relative to those of the previous metric, cost.
Cycle T]me: Cycle time of the simulated fab was measurd in terms of hours. The percentage of test wafers had no impact on the cycle time of the four process flows (see Table 4 ). This result can be seen by the small F value for test wafers and is logical due to test wafers following the same process flow as high performance logic.
Otherwise, lot size ( Figure 7 ) and tool productivity (Figure 8 ) trends follow that of cost and are inverted relative to throughput.
An examination of the 12 wafer lot size treatments will show that cost and cycle time increase while throughput and OEE (discussed later) decrease relative to treatments with 24 wafer lots.
The only counterintuitive result here is the cycle time seems to increase slightly when lot size changes from 24 to 48. This occurs due to the conservative setup assumptions used for this study. There are natural penalties that a small lot size would incur, such as more frequent sequence dependent setups due to increased switching between product and recipe queues, longer batching delays, and more congestion due to a higher number of lots in the iine. However, in this study the 12 wafer lot size incurred further inefficiencies because only process times, and not setups, were modified for lot size changes.
The setup frequency for some tools in lithography, CMP, and RTP have setups based on the number of lots processed.
Therefore, treatments with 12 wafer lots incurred substantially more setups per wafer than 24 wafer lots (while 48 wafer lots received less). This is the cause of the observed cycle time increase for the 12 wafer lots. Although in many cases, significant interactions cause one to doubt the assessment of the significance of main effects, in this instance, the assessment of the significance of the test wafer factor seems appropriate. OEE: OEE measures the amount of tool potential that is realized in production. Table 5 indicates significance of all main and interactive effects of this experiment. Alternatively, since tool productivity essentially alters the denominator for OEE (i.e., the anticipated potential of tools), it is practically unaffected by tool productivity, as can be seen on the main effects graph (see Figure 9 ). In other words, changing the productivity (or speed) of a particular tool has little practical effect on its utilization and thus its OEE. This observation reiterates the need to ensure that a macroscopic view of the system is taken at all times to avoid myopic efforts at productivity improvement.
Thus, although tool productivity is statistically significant in the model, the variation it explains is an order of magnitude less than the factors of lot size and test wafer percentage. Again, this statistical result may arises because of the cohesive simulation data provided by the extreme length of the replications.
Other than with the results associated with tool productivity, OEE results generally mimic those of throughput and follow the inverse of cost and cycle time (see Figures 10 and 11 ).
CONCLUSIONS AND EXTENSIONS
In general, results indicate minimal differences in performance between 24 and 48 wafer lot sizes, with significant differences in performance at 12 wafer lot sizes. Alternatively, clearly for specific markets or market conditions, 12 wafer lots still may be the preferable alternative. The impact that tool productivity has on system performance highlights the importance of data quality during the iterative strategic planning phase of a fab. Viewing test wafers as a capacity loss (in addition to the added material and logistical costs) demonstrated the direct impact that they can have on the bottom line. Lot size, tool productivity, and test wafer percentage were not found to interact materially with respect to measures. Overall, our results indicate an extreme sensitivity of a analyses would be useful for comparing actual fabs with various treatments of an experimental design. Further, studies incorporating specific cost considerations in the layout design process (possibly seeking the minimum investment fabricator) would be useful. Possibly most pertinent to this study, the common practice of running various lot sizes concurrently within the fab should be investigated.
